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Abstract 

 

The onset of phylogenomics has contributed to the resolution of numerous challenging evolutionary 

questions while offering new perspectives regarding biodiversity. However, in some instances, analyses 

of large genomic datasets can also result in conflicting estimates of phylogeny. Here, we present the first 

phylogenomic scale study of a dipteran parasitoid family, built upon anchored hybrid enrichment and 

transcriptomic data of 240 loci of 43 ingroup acrocerid taxa. A new hypothesis for the timing of spider fly 

evolution is proposed, wielding recent advances in divergence time dating, including the fossilized birth-

death process to show that the origin of Acroceridae is younger than previously proposed. To test the 

robustness of our phylogenetic inferences, we analyzed our datasets using different phylogenetic 

estimation criteria, including supermatrix and coalescent-based approaches, maximum-likelihood and 

Bayesian methods, combined with other approaches such as permutations of the data, homogeneous 

versus heterogeneous models, and alternative data and taxon sets. Resulting topologies based on amino 

acids and nucleotides are both strongly supported but critically discordant, primarily in terms of the 

monophyly of Panopinae. Conflict was not resolved by controlling for compositional heterogeneity and 

saturation in third codon positions, which highlights the need for a better understanding of how different 

biases affect different data sources. In our study, results based on nucleotides were both more robust to 

alterations of the data and different analytical methods and more compatible with our current 

understanding of acrocerid morphology and patterns of host usage.  

 

Key words: Bayesian inference; bioinformatics; conflict; Diptera; fossilized birth-death process; 

systematic error. 
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1. Introduction 

The size of molecular datasets in phylogenetics has been growing greatly since the introduction of 

high-throughput sequencing. The combination of the advances in genomic data acquisition with new 

bioinformatics tools has resulted in a novel field of evolutionary biology, phylogenomics. The onset of 

phylogenomics has resolved some of the most challenging evolutionary questions while giving us a new 

perspective on biodiversity (e.g., Misof et al., 2014; Prum et al., 2015; Garrison et al., 2016; Hamilton et 

al., 2016; Kocot et al., 2016; Branstetter et al., 2017; Shin et al., 2017; Espeland et al., 2018; Winterton et 

al., 2018).  

Increasing the quantity of phylogenomic data successfully alleviates stochastic error caused by 

limited data sampling, but the impact of systematic error is potentially augmented (Yeates et al., 2016). 

Several sources of systematic error have been identified, including compositional heterogeneity, missing 

data, heterogeneity in evolutionary rates among lineages, among others (Felsenstein, 1978; Jermiin et al., 

2004; Bininda-Emonds 2007; Lartillot et al., 2007; Edwards 2009; Nabholz et al., 2011; Roure et al., 

2013; Mirarab et al., 2014; Goremykin et al., 2015; Streicher et al., 2016). Thus, merely increasing the 

number of gene sequences in datasets does not necessarily resolve all phylogenetic incongruence. Instead, 

a number of cases have been observed in which alternative phylogenomic datasets strongly support 

conflicting conclusions, each with highly resolved phylogenetic estimates and maximal nodal support 

values (e.g., Crawford et al., 2012; Shaffer et al., 2013; Wang et al., 2013; Jarvis et al., 2014; Chang et al., 

2015; Pisani et al., 2015; Prum et al., 2015). Phylogenetic conflict, however, can originate not only from 

different datasets, but also from alternative coding of the same data (Fučíková et al., 2016). Protein-

coding genes can be analyzed as amino acids, nucleotides or codons, and choosing which data type to 

analyze in phylogenomics is a challenge that could significantly affect reliability and confidence of the 

results.  

In the case of phylogenetic studies that focus on recent divergences, nucleotides are probably 

more informative than amino acids. This is because substitutions are more likely to have occurred at 

synonymous sites. For deep divergences, however, the choice is not as straightforward. Even though 

analyses of amino acid datasets are suggested to be less prone to systematic error due to compositional 

heterogeneity across sites and taxa (Jeffroy et al., 2006; Rodríguez-Ezpeleta et al., 2007; Rota-Stabelli et 

al., 2013), the statistical phylogenetic analysis of amino acid data presents challenges beyond those often 

faced with the analysis of DNA sequences. Most approaches to the analysis of amino acid datasets make 

use of empirical amino acid models, in which all of the potentially free parameters are fixed to specific 

values estimated from a large number of sequences (Dayhoff et al., 1978; Henikoff and Henikoff 1992; 

Jones et al., 1992; Adachi and Hasegawa 1996; Cao et al., 1998; Adachi et al., 2000; Whelan and 
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Goldman 2001; Le et al., 2012). Although the fixed amino acid models succeed in reducing the number of 

free parameters to be estimated, it is possible that even the best-fitting fixed amino acid model is not 

particularly appropriate for the data at hand. Consequently, if the model is misspecified, the phylogeny 

estimate might be inaccurate, potentially resulting in conflicting estimates of phylogeny under either 

nucleotides or amino acids. Conflict among topologies due to alternative data coding as nucleotides or 

amino acids is relatively common in phylogenomics (Zwick et al., 2012; Rota-Stabelli et al., 2013; Cox et 

al., 2014; Reddy et al., 2017; Shin et al., 2017; Haddad et al., 2018), but our knowledge of systematic 

error in big-data phylogenetics is still incipient.  

Here, we attempt to understand the basis for the incongruence among phylogenomic trees 

originating from alternative data types (nucleotides versus amino acids) by investigating the evolution of 

spider flies (Acroceridae), the only family of flies that exclusively parasitize spiders. Acroceridae is a 

relatively ancient and morphologically derived lineage of lower Brachycera, consisting of a charismatic 

and remarkably diverse assemblage of insects. Spider fly origins have been estimated in the Early 

Mesozoic (173–221 MYA) (Winterton et al., 2007), but their fossil record extends only to the Upper 

Jurassic (~150 MYA) (Gillung and Winterton 2017). Species of Acroceridae attack spiders in 26 families 

(Cady et al., 1993; Gillung and Borkent 2017) and are currently distributed in 55 genera and 

approximately 530 species (Winterton et al., 2007; Schlinger et al., 2013). Three subfamilies are 

recognized, Acrocerinae, Panopinae and Philopotinae. Monophyly of Philopotinae is based on a series of 

morphological characters, while Panopinae is defined based on their unique mygalomorph attacking 

behaviour. The monophyly of Acrocerinae is contentious, and its internal relationships are poorly known 

(Winterton et al., 2007). Thus, additional data and analyses are needed to test the monophyly of the 

subfamilies and to establish a robust higher-level classification. 

In this study, we address the two-fold problem of data type choice and Acroceridae relationships, 

bringing the greatly expanded gene sampling of anchored phylogenomics to bear on spider fly phylogeny. 

We recovered 240 unique orthologous loci of 43 species representing all major lineages of spider flies, 

plus seven representatives of outgroup families. Through the integration of high-throughput sequencing 

and comparative methods, we provide a robust hypothesis for the pattern and timing of spider fly 

evolution. Using Acroceridae as a system, we explore the potential of genomic data to resolve 

relationships in relatively ancient radiations and explore the effects of potential confounding factors in 

phylogenomic reconstruction. 

 

2. Material and Methods 

 

2.1. Taxon sampling and DNA acquisition 
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Taxa were carefully selected to represent the greatest diversity within Acroceridae and to ensure 

as close to proportional sampling as possible, based on ongoing taxonomic studies (Gillung and 

Winterton 2011; Winterton and Gillung 2011; Schlinger et al., 2013; Borkent et al., 2016; Gillung and 

Nihei 2016). Newly generated Anchored Hybrid Enrichment (AHE) data for 42 species of Acroceridae 

plus the transcriptome of one additional spider fly species were included as the ingroup. Transcriptomes 

of six species and AHE data of one species in the lower Brachycera were used as outgroup taxa, 

representing the families Asilidae, Bombyliidae, Hilarimorphidae, Nemestrinidae, Pantophthalmidae, 

Tabanidae and Xylophagidae (Supplementary Table 4). Genetic material was extracted from the legs and 

thorax, with genitalia, remaining legs, head and wings preserved in 95% ethanol as vouchers 

(Supplementary Table 4). DNA was extracted from frozen specimens preserved in 95% ethanol using a 

DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA). RNA was extracted from specimens preserved in 

RNAlater following methods described in Misof et al. (2014) and Peters et al. (2017). AHE capture was 

carried out following the general methods of Lemmon et al. (2012) for sonication, library preparation, 

indexing and enrichment. Probes were developed specifically for Diptera at the Center for Anchored 

Phylogenomics at Florida State University, as described in Young et al. (2016). The AHE Diptera Probe 

Set targets 559 loci, with sequences publicly available as supplementary information from Young et al. 

(2016). AHE data was sequenced as single reads, with up to 48 multiplexed samples per lane on an 

Illumina MiSeq platform at the NCSU Genomic Sciences Laboratory (Raleigh, NC). Transcriptome 

libraries were prepared following methods described by Misof et al. (2014) and Peters et al. (2017). Reads 

were inspected for quality with Fastqc (Andrews 2010) and trimmed with Trimmomatic (Bolger et al., 

2014), with minimum per base sequence quality set to 20, and minimum read length set to 25 bp. 

 

2.2. Sequence assembly and orthology prediction 

 

De novo assemblies were carried out using Trinity v. 2.2 (Grabherr et al., 2011). For data 

provided by 1KITE, raw reads were quality checked, assembled with SOAPdenovo-Trans-31kmer 

(version 1.01) (Xie et al., 2014) and cleaned from potential contaminants as described by Peters et al. 

(2017). We used Orthograph v.0.5.8 (Petersen et al., 2017) to infer orthology of sequence contigs, with 

single copy genes extracted and assembled from OrthoDB5 (Waterhouse et al., 2011) and reciprocal 

search set to relaxed. Orthologous genes were identified based on an ortholog reference set of 3,288 

orthologous clusters of sequences groups (single copy protein-coding genes) from five reference species: 

Anopheles gambiae Giles, Tribolium castaneum (Herbst), Drosophila melanogaster Meigen, Mayetiola 

destructor (Say) and Bombyx mori (Linnaeus) (Kutty et al., 2018). Following orthology prediction, 
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contaminant viral, bacterial and fungal sequences were identified using NCBI BLAST; loci not matching 

Diptera or other insects were removed. 

 

2.3. Dataset construction 

 

Internal stop codons and “U” (Selenocysteine) were replaced with an “X” in the amino acid 

dataset and with “NNN” on the nucleotide dataset, respectively. Amino acid sequences were aligned 

using MAFFT v.7.123b (Katoh and Standley 2013) with the L-INS-i algorithm. Ambiguously or 

randomly aligned sections identified by Aliscore v2.2 (Misof and Misof 2009; Kück et al., 2010) were 

removed from the amino acid alignment, and the corresponding codons from the nucleotide loci were 

removed using Alicut and custom Perl scripts (Misof and Misof 2009; Kück et al., 2010). Nucleotide 

sequences were then aligned using the amino acid alignment as blueprint in Pal2Nal (Suyama et al., 

2006), using a slightly modified version (see Misof et al., 2014). Individual loci were concatenated using 

AMAS (Borowiec 2016). We combined transcriptomic and AHE data for all 50 species included in this 

study, which resulted in a dataset containing 3,234 genes. Because many of these genes were present only 

in the taxa represented by transcriptomes, which leads to non-random distribution of missing data as these 

were mainly outgroups, we filtered loci based on taxon occupancy, keeping only the loci present in at 

least 24 taxa (out of 50). The final nucleotide and amino acid datasets contained 240 loci, with 172,905 

base pairs and 57,635 amino acid sites, respectively (Supplementary Files 1–4). 

 

2.4. Dataset exploration 

 

Pairwise sequence comparisons using Bowker’s matched-pairs tests of symmetry (Bowker 1948) 

were performed in SymTest version 2.0.47 (https://github.com/ottmi/symtest) (Jermiin et al., 2004; 

Ababneh et al., 2006). The software was also used to generate heat maps based on the inferred p-values, 

using default window and step sizes. We applied Bowker’s test as implemented in SymTest on the amino 

acid dataset, and on the nucleotide dataset with and without 3rd codon positions. 

 

2.5. Phylogenetic Analyses 

 

Both supermatrix and species tree approaches were used for tree estimation on both amino acid 

and nucleotide datasets. We performed multiple alternative rooting strategies to account for uncertainty in 

the placement of Acroceridae within the lower Brachycera (e.g., Wiegmann et al., 2011; Shin et al., 

2018). Alternative rooting along branches of the outgroup did not affect the relationships within 

https://github.com/ottmi/symtest
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Acroceridae (results not shown), thus we arbitrarily constrained Pantophthalmidae as the root in the 

topologies presented here. Multispecies coalescent analyses (MSC) were performed using ASTRAL 

v4.9.7 (Mirarab and Warnow 2015), with gene trees estimated using RAxML v.8.2.10 (Stamatakis 2014), 

and branch support values calculated using 500 bootstrap replicates from RAxML. For the concatenated 

analyses, alignments were initially partitioned by genes, which were then grouped into meta-partitions 

using PartitionFinder 2 (Lanfear et al., 2016), with the rcluster search algorithm (Lanfear et al., 2014) and 

BIC for model selection. For the nucleotide model selection analyses, we did not include the GTR+I+G 

mixture model because this approach has been demonstrated to result in undesirable interactions among 

parameters (Yang 1993, 1996, 2006; Sullivan et al., 1999; Mayrose et al., 2005; Jia et al., 2014). Model 

selection for the amino acid dataset was performed including all models available in PartitionFinder 2, 

using the --raxml option. The best fitting model was selected using BIC. Basic alignment statistics, 

including percentage of missing data, A/T and G/C content, alignment length and proportion of variable 

sites were obtained using AMAS (Borowiec 2016). ExaML (Kozlov et al., 2015) was used to estimate 

phylogenies under Maximum Likelihood (ML), with parsimony starting trees inferred with RaxML 

v8.2.10. Node support was estimated via slow non-parametric bootstrapping, with 500 bootstrap 

replicates per dataset generated with RaxML. Ten different ExaML tree searches were performed and 

compared with each other to ensure that the analyses were not trapped in a local optimum (i.e., the same 

topology was recovered). Bayesian tree inference (BI) was carried out by running four independent 

replicates, with four chains each, using either ExaBayes v1.4 (Aberer et al., 2014) or MrBayes (Ronquist 

and Huelsenbeck 2003) through the Cipres Science Gateway v3.3 (Miller et al., 2010). Runs were carried 

on for at least 50,000,000 generations and were sampled every 1,000 generations. Branch lengths were 

linked among partitions and a relative burn-in of 25% was used. Convergence was evaluated by ensuring 

effective sample size values (ESS) greater than 200 for each parameter in Tracer v1.6 (Rambaut et al., 

2014), as well as potential scale reduction factors (PSRF) ranging close to one and average standard 

deviations of split frequencies (ASDSF) smaller than 0.01%.  

A site-heterogeneous CAT-GTR-G mixture model (Lartillot and Philippe 2004) was implemented 

in PhyloBayes (Lartillot et al., 2009). Two independent Markov chains with a total length of 10 ,000 

cycles were run for each analysis, with the first 4,000 trees being discarded as burn-in and the posterior 

consensus determined using the remaining 6,000 trees. Convergence between the two chains was assured, 

with the largest discrepancy observed across all bipartitions (maxdiff) being less than 0.1.  

We implemented the degen1 v1.4 approach (Regier et al 2010; Zwick et al., 2012) to mask 

synonymous signal and keep only non-synonymous changes at all coding positions. The degenerated 

alignment was initially partitioned by locus, and the best fitting substitution model and partition scheme 

were selected using PartitionFinder 2 as described above. Analysis of the degenerated nucleotide dataset 
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was executed in MrBayes via the Cipres Science Gateway, with four coupled chains and settings as 

described previously.  

 

2.6. Substitution rate heterogeneity 

 

We used a simplified binning approach as proposed by Mirarab et al. (2014), but grouping genes 

based on rate of evolution as opposed to bootstrap values on branches as originally proposed by the 

authors. Gene trees were estimated under ML in RaxML v8.2.10, using the best-fitting model identified 

by PartitionFinder 2 for each locus both as amino acids and nucleotides. Utilizing the gene_stats R script 

used in Borowiec et al. (2015), we inferred the average branch lengths, used here as a proxy for rate of 

evolution, with short branch lengths indicating relatively slowly evolving loci, and long branch lengths 

indicating relatively faster evolving loci. After sorting genes based on average branch lengths (lowest to 

highest), we divided the entire set of 240 loci – both as amino acids and nucleotides – into three subsets of 

80 loci, so that each subset consisted of a set of loci evolving at roughly under the same rate – namely 

‘slow’, ‘intermediate’ and ‘fast’. We discarded the intermediate population of average branch lengths to 

ensure two discrete loci populations separated by a large buffer population and concatenated the genes in 

each of the fast and slow subsets. We then estimated phylogenetic trees separately for each subset using 

BI in MrBayes 3.2 via the Cipres Science Gateway as described above and assessed their topological 

congruence with the tree generated from all loci. 

 

2.7. Four-cluster likelihood mapping 

 

We performed four-cluster likelihood mapping (FcLM; Strimmer and von Haeseler 1997) to 

quantify the support for the monophyly of Panopinae in the amino acid and nucleotide datasets as 

implemented in IQTree (Nguyen et al., 2015). We defined four taxon clusters: Panopinae1 (7 species), 

Panopinae2 (7 species), Turbopsebius Schlinger + Cyrtus Latreille (2 species), and Psilodera Gray + 

Pterodontia Gray (4 species). All remaining species were ignored during analyses. IQTree analyses were 

conducted using the -m TEST option, which implements ModelFinder (Kalyaanamoorthy et al., 2017) to 

automatically select the best fitting model, with alignment partitioned by locus. 

 

2.8. Divergence times estimation 

 

The chronogram for Acroceridae was estimated using BEAST v2.4.7 (Bouckaert et al., 2014). We 

used the nucleotide alignment for the dating analyses and removed six outgroups to enforce proportional 
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sampling of terminal taxa, keeping only Hilarimorpha Schiner (Hilarimorphidae) as outgroup. Because 

the whole nucleotide alignment is too large for a computationally feasible BEAST analysis, we used a 

method of matrix reduction as implemented in MARE (Misof et al., 2013) using phylogenetic information 

content as the criterion for keeping or removing genes from the analysis. We applied MARE on the amino 

acid dataset using the default settings and then reduced the nucleotide dataset accordingly. MARE 

reduced the nucleotide dataset from 240 to 65 genes, increasing the overall information content of the 

alignment from 0.31 to 0.45. We applied PartitionFinder 2 using linked branch lengths, the rcluster 

algorithm and BIC to select the statistically best-fit partitioning scheme and models of nucleotide 

substitution available in BEAST 2. We used an uncorrelated relaxed molecular clock model (Drummond 

et al., 2006) and a lognormal prior, with tree and clock model linked across partitions. Fossils included as 

terminals in the FBD analyses are provided in Supplementary Table 3. Because we did not include 

morphological data in our analysis to place the fossils in a “total evidence” dating framework sensu 

Ronquist et al. (2012), we assigned them to appropriate groups via monophyly constraints (Heath et al., 

2014) according to a recent review of spider fly fossils by Gillung and Winterton (2017). The two Jurassic 

species of Archocyrtus were treated as stem acrocerids, while the Cretaceous-aged Schlingeromyia minuta 

was included within the crown Acroceridae. Glaesoncodes completinervis was treated as stem Ogcodes 

based on head and wing venation characters, while Ogcodes exotica was included in the crown Ogcodes. 

Finally, Cyrtinella flavinigra and Villalites electrica were placed in a clade containing Cyrtus and 

Turbopsebius also based on head and wing venation characters (Gillung & Winterton 2017). 

 We ran the analysis for over 600 million generations with four incrementally heated chains and 

evaluated MCMC convergence and mixing in Tracer v1.6, ensuring that effective sample sizes (ESS) 

exceeded 200 for all parameters. We then resampled the phylogenetic trees at a lower frequency in 

LogCombiner v2.3.1 (BEAST package), with a burn-in of 30%. Finally, we summarized the subsampled 

trees in a maximum clade credibility tree using TreeAnnotator v2.3.1 (BEAST package), with mean 

heights as node heights. We further compared the effective prior (under the prior) and posterior 

distributions (with data included) of all the parameters to ensure that our analyses were not prior-sensitive 

and that the data were informative for the MCMC analyses (results not shown). 

 

2.9. Data availability 

 

Published AHE and transcriptome raw data for 44 species included herein is available from the 

NCBI SRA database (Bioprojects PRJNA325838). Transcriptome raw reads for the remaining six species 

will be available in the near future according to the 1KITE Project timeline (http://www.1kite.org/). 

Accession numbers for the published data and unique identifiers for the 1KITE unpublished 

http://www.1kite.org/
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transcriptomic data used here are provided in Supplementary Table 4. Individual loci used in this study 

can be obtained from the alignment files (Supplementary Files 1–4) in the Zenodo Database 

(https://doi.org/10.5281/zenodo.1289998) prior to the release of 1KITE transcriptomic raw data. 

 

3. Results 

 

3.1. Incongruence of nucleotide and amino acid-based phylogenies 

 

The analyses of the nucleotide and amino acid datasets under a variety of tree estimation methods 

and dataset permutations resulted in two well-supported topologies, one based on amino acids and the 

other based on nucleotides (Fig. 1). The phylogeny based on nucleotides was well supported throughout, 

with a Bayesian posterior probability (PP) of 1 on each node, and only three nodes with maximum 

likelihood bootstrap values (BS) lower than 100% (Fig. 1A). The phylogeny based on the concatenated 

amino acid alignment was less supported overall, with 25% of nodes with PP and BS lower than 1.0 and 

100%, respectively, and some of the poorly supported nodes located along the backbone of the tree (Fig. 

1B). The multispecies coalescent (MSC) analysis using nucleotides resulted in a topology very similar to 

the one based on concatenation and was relatively well supported overall (Supplementary Fig. 1). The 

MSC topology based on amino acids (Supplementary Fig. 1) was congruent with the one based on the 

concatenated dataset (Fig. 1B), albeit with weak statistical support, with many of the particularly poorly 

supported nodes placed along the backbone. 

The monophyly of Panopinae and its internal relationships represent the most significant 

difference between the phylogenies based on amino acids and nucleotides. In the topology based on 

nucleotides, Panopinae was recovered as monophyletic and sister to a clade including representatives of 

the former Acrocerinae (Fig. 1A). In contrast, the topology based on amino acids recovered a polyphyletic 

Panopinae, with two lineages formerly included in Acrocerinae nested within the subfamily (Fig. 1B). 

Establishing the evolutionary history of Panopinae has profound implications in the understanding of 

Acroceridae host usage. Species of Panopinae are unique among acrocerids in attacking heavy bodied, 

stout legged spiders in the Mygalomorphae, including tarantulas, trapdoor spiders, funnel-web spiders, 

among others. All other spider flies attack hosts in the Araneomorphae, such as jumping spiders, wolf 

spiders, orb-weavers, among many others (Gillung and Borkent 2017). Assuming that Panopinae is 

monophyletic would result in a hypothesis for Acroceridae evolution where there was only one invasion 

of Mygalomorphae, while the alternative hypothesis of non-monophyly would require either two 

independent origins for the mygalomorph host life history, or the loss of this trait in some lineages (Fig. 

1). 

https://doi.org/10.5281/zenodo.1289998
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3.2. Exploratory analyses 

 

We constructed nine supplementary datasets and used a plethora of additional analyses to explore 

the origins of the conflict between nucleotides and amino acids, and to indirectly access the reliability of 

the two alternative topologies. We removed 3rd codon positions to investigate whether heterogeneity in 

evolutionary rates across codon positions caused any error in our tree estimation based on nucleotides. 

The topology based on 1st and 2nd positions only was very similar to the one based on the whole 

nucleotide dataset, with minor differences in the relationships within some genera (Supplementary Fig. 2). 

Since there were no significant changes in relationships after the removal of 3rd codon positions, we 

included all codon positions in downstream analysis of nucleotide data to include as much information as 

possible. 

Additionally, we used a CAT-GTR-G mixture model of base substitution (Lartillot and Philippe 

2004), which resulted in a topology that was highly discordant with the nucleotide topology under the 

homogeneous GTR+G model (Supplementary Fig. 3). The most striking difference was the position of 

Ogcodes, which was recovered as the sister group to Philopotinae under the CAT-GTR-G model 

(Supplementary Fig. 3). The analysis of amino acid data under the CAT-GTR-G mixture model resulted 

in a topology that is discordant with all other topologies we recovered based on either nucleotides or 

amino acids (Supplementary Fig. 3). Similar to the nucleotide topology using the mixture model, Ogcodes 

Latreille was recovered as sister to Philopotinae in the amino acid analysis (Supplementary Fig. 3B). 

We also accounted for non-random distribution of missing data by excluding five taxa with low 

locus coverage. The reduced dataset consisted of 45 taxa (out of 50), which was then analyzed under 

Bayesian inference. The reduced nucleotide topology (Supplementary Fig. 4) was completely congruent 

with the topology including all 50 taxa (Fig. 1A), and is well supported overall, with every node having 

posterior probability (PP) of 1. Conversely, the topology based on the reduced taxon set for amino acids 

(Supplementary Fig. 4) differs greatly from the topology based on the complete taxon set (Fig. 1B). These 

results suggest that non-random distribution of missing data had a strong influence on tree estimation 

using the amino acid dataset, whereas it had no apparent effect on tree estimation based on the nucleotide 

alignment. 

We also investigated the effect of synonymous and non-synonymous information in our analysis. 

We degenerated nucleotides at codon positions that have the potential to undergo synonymous 

substitutions using the degen1 coding approach (Regier et al., 2010; Zwick et al., 2012), and then 

estimated phylogenies using Bayesian inference. The resulting degenerate nucleotide topology is very 

similar to the topology based on amino acids, rendering Panopinae polyphyletic, and is relatively well 
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supported overall, with only five nodes with PP lower than 1 (Supplementary Fig. 5). We also applied the 

degen1 coding approach to the nucleotide dataset excluding the five taxa with low gene coverage, thus 

reducing the effect of non-random distribution of missing data. The resulting degenerate nucleotide 

topology, in turn, was very similar to the amino acid topology with reduced taxon set, rendering 

Panopinae paraphyletic (Supplementary Fig. 6). 

 Moreover, we explored the effects of substitution rate heterogeneity across loci using a simplified 

binning approach as proposed by Mirarab et al. (2014) (Borowiec 2017; Winterton et al., 2018). We 

divided the entire set of 240 loci into three subsets of slow-, intermediate- and fast-evolving genes. We 

then estimated phylogenies under BI separately for the slow- and fast-evolving loci, discarding the 

intermediate subset of genes. The two topologies based on the nucleotide dataset (for fast- and slow-

evolving loci) are completely congruent with each other and highly concordant with the concatenated 

nucleotide topology (Supplementary Fig. 7). In contrast, the topologies based on the slow- and fast-

evolving loci translated as amino acids differ greatly from one another and are highly discordant with the 

amino acid topology based on all loci (Supplementary Fig. 8). Also, the topologies based on slow and 

fast-evolving loci as amino acids are poorly supported overall, with some of the low posterior probability 

(PP) nodes located at the backbone (Supplementary Fig. 8). 

To assess the phylogenetic support for the two conflicting hypotheses regarding the monophyly 

of Panopinae, we implemented a four-cluster analysis with likelihood mapping for the concatenated 

nucleotide and amino acid datasets, and for each locus separately (Fig. 2). We defined four taxon clusters, 

two of each containing taxa assigned to Panopinae, and the other two clusters containing taxa of the 

former Acrocerinae that were recovered nested within Panopinae in the analyses of amino acid data (Fig. 

1A; Fig. 2A). Of the three possible unrooted topologies for the four-taxon clusters, only one results in a 

monophyletic Panopinae (Fig. 2A). Analysis of the concatenated amino acid dataset indicates stronger 

support for a non-monophyletic Panopinae, with 64.5% of evaluated quartets supporting this hypothesis, 

while monophyly of Panopinae based on the concatenated amino acid dataset is only supported by 22.7% 

of the evaluated quartets (Fig. 2C). In contrast, analysis of the concatenated nucleotide dataset indicates 

stronger support for a monophyletic Panopinae, with 52.6% of all quartets indicating this relationship 

(Fig. 2C). FcLM analysis of individual loci resulted in a similar scenario. For amino acids, 60.4% of loci 

supported a non-monophyletic Panopinae, with only 29.2% indicating its monophyly (Fig. 2B, 

Supplementary Table 1). For nucleotides, alternatively, 46.7% of loci support a monophyletic Panopinae 

(Fig. 2B, Supplementary Table 1). 

We also evaluated whether sequence data in the amino acid and nucleotide datasets (with and 

without 3rd codon positions) have evolved under globally stationary, time-reversible and homogeneous 

conditions (SRH) using the software SymTest (Ababneh et al., 2006; Jermiin et al., 2008). Results 
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indicate that sequences in the nucleotide dataset with 3rd codon positions are unlikely to have evolved 

under globally SRH conditions, since > 90% of Bowker’s tests significantly rejected global symmetry 

(Fig. 3). The nucleotide dataset without 3rd codon positions, by contrast, suffered much less from such 

violations, with most pairwise comparisons supporting the hypothesis of homogeneity (Fig. 3). 

Additionally, results indicate that approximately 10% of sequences in the amino acid dataset are unlikely 

to have evolved under globally SRH conditions (Fig. 3), with deviations from SRH conditions in the 

amino acid dataset being much greater than in the nucleotide dataset without 3rd codon positions, but 

much smaller than in the nucleotide dataset with 3rd codon positions. 

 

3.3. Relationships among Acroceridae lineages 

 

In all resulting phylogenies, Acroceridae was recovered as monophyletic (Fig. 1, Supplementary 

Fig. 1). The diverse subfamily Acrocerinae was recovered as polyphyletic, consisting of four independent 

lineages; herein we refer to this non-monophyletic assemblage as the former Acrocerinae. The enigmatic 

Carvalhoa Koçak & Kemal and the cosmopolitan Acrocera Meigen were recovered in a clade sister to all 

other Acroceridae. The genus Ogcodes was recovered as sister to the remaining acrocerids (except 

Carvalhoa + Acrocera). This relationship was well supported in both amino acid and nucleotide trees 

regardless of the tree estimation method used. Subsequently, the next clade comprised the subfamilies 

Philopotinae, Panopinae and two independent lineages of the former Acrocerinae. Within the 

monophyletic Philopotinae, an early dichotomy was recovered, with Parahelle Schlinger and Thyllis 

Erichson in one clade, and Megalybus Philippi, Oligoneura Bigot and Philopota Wiedemann in the other 

(Fig. 1). The former acrocerine genera Turbopsebius and Cyrtus were placed in a clade subtending the 

two remaining lineages, one including the former acrocerine genera Psilodera and Pterodontia, and the 

other containing the subfamily Panopinae. Primarily in analyses using amino acids, however, Panopinae 

was not supported to be monophyletic. Within Panopinae, one basal dichotomy was recovered, with one 

lineage including Lasia Wiedemann, Eulonchus Gerstaecker and Panops Lamarck, and the other 

comprising Pialea Erichson, Arrhynchus Philippi, Exetasis Walker and Ocnaea Erichson.  

 

3.4. Timing of Acroceridae Evolution 

 

We used a reduced nucleotide dataset of 65 loci to estimate a chronogram for spider flies. 

Fossilized birth-death (FBD) process divergence dating (Heath et al., 2014) performed here shows that the 

origin of crown spider flies dates back to the Upper Jurassic, at approximately 160 MYA (186–156 Ma 

95% highest probability density interval, HPD) (Fig. 4, Supplementary Table 2). This new estimate for 
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the age of spider flies is much younger than the 198 MYA estimate recovered in a previous study 

(Winterton et al., 2007). Our results indicate that the major lineages of Acroceridae were already present 

by the Upper Cretaceous, but the greatest amount of cladogenesis occurred during the Paleogene, with 

most genera present by the end of that period. A few genera, however, evolved later in the Miocene, 

approximately 20–10 Ma ago (Fig. 4). The 95% HPD values for each node are given in Supplementary 

Table 2, and the numbered nodes in the Acroceridae phylogeny are presented in Supplementary Fig. 9. 

All 12 spider fly fossils (Gillung and Winterton 2017) were included as terminals in the dating analyses 

(Supplementary Table 3). The chronogram was very well supported overall, with all nodes (except for 

one) in the backbone of the tree with posterior probabilities (PP) of 1 (Fig. 4, Supplementary Table 2). 

 

4. Discussion 

 

4.1. Conflict among data types 

 

We found surprising conflict between phylogenetic signal in the nucleotide and amino acid 

datasets, which resulted in two well-supported alternative hypotheses for spider fly evolution (Fig. 1). The 

fact that protein-coding gene sequence data (nucleotides) and their protein translations (amino acids) 

support conflicting phylogenies is highly significant since both types of data should have evolved under 

the same species tree as they are extracted from the same observations. The critical difference between 

the two topologies concerns the monophyly of the traditionally well-established and widely accepted 

subfamily Panopinae (Schlinger 1981, 2003; Winterton et al., 2007). The subfamily is recovered as 

monophyletic in analyses using nucleotide data, and as polyphyletic using amino acids (Fig. 1). 

 

4.2. Reliability of the two alternative hypotheses 

 

The topology based on nucleotides was far more robust to perturbations of the dataset, with 

results consistent when taxa with low gene occupancy are removed, third codon positions are excluded, 

loci are sampled based on evolutionary rate, and multiple phylogeny estimation methods are used (BI, 

ML and MSC). The topology based on amino acids, on the other hand, changes substantially when the 

data is perturbed, with nodes of interest in the backbone varying considerably (Fig. 1, Supplementary 

Figs. 4, 8). Moreover, the MSC analysis of the amino acid dataset suggests extensive levels of conflict 

among loci, a phenomenon that is further demonstrated in the extreme differences in tree topology if the 

fastest one third or slowest one third of the loci are analyzed separately (Supplementary Fig. 8).  
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We performed four-cluster likelihood mapping analysis (FcLM) to further understand the nature 

of the conflict among loci in the nucleotide and amino acid datasets. Results showed that the nucleotide 

dataset had much stronger support for the preferred topology, while in the amino acid dataset there was 

roughly equal support for the three alternative topologies (Fig. 2). Even though one topology was 

preferred in the amino acid dataset, its weight was not much greater than the weight towards the other two 

topologies (Fig. 2). When nucleotide loci were analyzed individually, a clear majority of genes supported 

the same topology that was preferred in the concatenated analysis (Fig. 2, Supplementary Table 1). In the 

case of the nucleotide dataset, when topology preference for each locus was weighted over its relative 

strength of support (see Supplementary Table 1), the support for the preferred tree was greater than the 

second preferred tree, while the third topology was supported by only a handful of genes. In contrast, 

when amino acid loci were analyzed individually, support was roughly equally split over the three 

possible topologies (Fig. 2, Supplementary Table 1). In summary, the nucleotide data was less equivocal 

regarding the preferred topology in both concatenated and individual loci analyses, while there was more 

conflict as to which of the topologies were preferred using amino acid data (Fig. 2, Supplementary Table 

1). 

Results of SymTest indicate that the amino acid and nucleotide datasets including 3rd codon 

positions violated, at least to some degree, the assumption of global stationarity, reversibility and 

homogeneity (SRH conditions) (Fig. 3). Violation of SRH conditions was much greater in the nucleotide 

dataset including 3rd codon positions, but when 3rd codon positions were removed, fewer violations were 

observed in the nucleotide dataset than in the amino acid dataset (Fig. 3). Since we obtained virtually the 

same tree topology when analyzing the nucleotide dataset with or without 3rd codon positions, this 

indicates that violation of SRH conditions was unlikely to strongly impact on our results. Thus, the 

conflict between the amino acid and the nucleotide topologies is likely not linked to SRH violation as 

measured by SymTest. It is generally assumed that phylogeny estimation based on nucleotides generally 

performs worse than amino acids specifically because nucleotides tend to violate SRH conditions to a 

greater extent than amino acids (Zwick et al., 2012; Rota-Stabelli et al., 2013; Cox et al., 2014). 

Nonetheless, we found evidence supporting the opposite case in our study. The removal of 3rd positions 

from the nucleotide dataset heavily reduced violation of SRH conditions. Thus, if tree estimation based on 

nucleotides was affected by violation of SRH conditions while that based on amino acids was not, the 

expectation is that after the removal of 3rd positions the resulting topology should be congruent with the 

amino acid tree. 

When synonymous changes in the nucleotide dataset were masked using the degen1 approach, the 

topologies based on the original and degenerated datasets were critically discordant (Fig. 1, 

Supplementary Figs. 4–6). These results suggest that there may be conflict in phylogenetic signal 
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originating from synonymous and nonsynonymous changes. We compared the overall number of variable 

sites in the original and degenerated nucleotide datasets and observed that the overall proportion of 

variable sites in 1st and 3rd codon positions decreased considerably when synonymous changes were 

masked. Overall proportion of variable sites decreased from 50% in the complete nucleotide alignment to 

only 14% in the degenerated dataset (Supplementary Fig. 10). Synonymous substitutions in 1st codon 

positions may be contributing the phylogenetic signal supporting the monophyly of Panopinae, because 

when synonymous changes are excluded, the resulting topology supports a non-monophyletic Panopinae 

(Supplementary Figs. 5–6). 

Determining whether analysis of synonymous versus non-synonymous changes is likely to be 

more inaccurate is not trivial, especially in light of the absence of gross SRH violations in both cases, as 

measured by SymTest. We speculate that phenomena, including different selection regimes and different 

patterns of non-independence among sites, may result in nucleotide and amino acid sequences that subtly 

violate the assumptions of common phylogenetic models, which could affect inference based on 

synonymous and non-synonymous changes in different directions. Additionally, our FcLM results suggest 

differences in patterns of topological conflict among loci in the nucleotide and amino acid datasets. 

Gillung and Khouri et al. (in prep) are using posterior predictive simulation (Bollback 2002; Doyle et al., 

2015; Duchene et al., 2016) to evaluate absolute model fit to the current datasets and investigating 

whether model misspecification is the source of conflict among and within the datasets. 

The conflict within the results based on amino acids may have biological or methodological 

causes, including, for instance, incomplete lineage sorting and poor model fit to some genes or subsets of 

data, respectively. In either case, this decreases the credibility of the topology inferred from the amino 

acid concatenated dataset. If conflict among gene trees is real and pervasive, not modelling it explicitly 

could result in inaccurate estimates of topology. Species tree estimation methods can account for some of 

the biological sources of conflict; however, despite favoring a topology similar to that inferred from the 

concatenated dataset, our ASTRAL results are inconclusive due to the low support for the nodes of 

interest. 

Results based on analyses of nucleotides were more robust to alterations of data and different 

analytical methods. This implies that either the results are accurate, or that there is pervasive systematic 

error affecting all nucleotide analyses (and most genes or data subsets) in the same way. Violation of SRH 

conditions is thought to be the most common source of error disproportionately affecting nucleotide 

analyses. Given that our SymTest results suggest that this is not the case for our dataset, we prefer the 

hypothesis of a monophyletic Panopinae, until further investigation. 

 

4.3. Patterns of Acroceridae evolution 
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This study comprises the first phylogenomic treatment of Acroceridae relationships, with 

molecular sequence data sampled across all major spider fly lineages. Analyses of nucleotide data 

converged upon a fully resolved and well-supported tree topology that is incongruent with traditional 

hypotheses based on morphology (Schlinger 1987) and smaller sampling of molecular data (Winterton et 

al., 2007). Unprecedented aspects of our results include the placement of the morphologically derived, 

species-rich genus Ogcodes as sister to the rest of the Acroceridae other than Acrocera + Carvalhoa, and 

the non-monophyly of some traditionally well-established genera, including Parahelle and Ocnaea (Fig. 

1). More importantly, the non-monophyly of Acrocerinae, already suggested by Winterton et al. (2007), 

indicates pervasive and strong discordance between traditional morphological systematics and molecular 

phylogenetic results. 

 Acrocerinae were polyphyletic in all of our analyses, with four independent clades. A clade 

composed of the enigmatic Chilean genus Carvalhoa and the cosmopolitan, species-rich Acrocera was 

recovered as sister to all other spider flies, in general agreement with previous molecular results 

(Winterton et al., 2007). Whilst adult Acrocera and Carvalhoa are morphologically similar to other 

Acrocerinae, having relatively small heads, bulbous bodies and reduced wing venation, their larval 

morphology and behaviour contrast with the rest of the family. Species in these two genera have unique 

associations with araneomorph spiders in the Haplogynae, while the remaining acrocerids attack 

Entelegynae araneomorph spiders or Mygalomorphae spiders (Gillung and Borkent 2017). Additionally, 

the first instar planidial larvae of all other acrocerids have well sclerotized body segments with setae or 

scales allowing them to actively locomote via looping, leaping and flicking movements (King 1916; 

Schlinger 1960b, 2003). Instead, Acrocera first instar larvae lack both sclerotization and long setae, and 

only crawl (Overgaard Nielsen et al., 1999). 

 The placement of Ogcodes as sister to the remaining Acroceridae (excluding Carvalhoa + 

Acrocera) was recovered with strong support in all analyses irrespective of data type (nucleotides or 

amino acids), phylogeny inference method (BI, ML or MSC) and alternative taxon and gene sampling. 

The genus was previously placed in the former Acrocerinae based on morphology (Schlinger 1987) and 

Sanger sequence data, albeit with low confidence (Winterton et al., 2007). This placement is justifiable as 

species of Ogcodes have small body size and reduced wing venation, highly apomorphic traits that are 

likely interrelated.  

The two remaining clades of the former Acrocerinae comprise the genera Turbopsebius + Cyrtus 

and Pterodontia + Psilodera. Schlinger (1972) postulated the Cyrtus–Opsebius (including Turbopsebius) 

lineage of Acroceridae, and our results confirm their close relationship. The phylogenetic position of both 

Pterodontia and Psilodera has always been contentious (Schlinger 1960a, 1972; Winterton et al., 2007). 
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Psilodera was previously affiliated with the acrocerines Pterodontia and Ogcodes, although with weak 

statistical support (Winterton et al., 2007). Here, Psilodera and Pterodontia were recovered as the sister 

clade to the Panopinae in the nucleotide topology.  

Monophyly of the bizarre Philopotinae has never been contested, and the clade was, 

unsurprisingly, recovered with strong statistical support in all of our analyses. Several morphological 

features define the subfamily, including enlarged postpronotal lobes forming a collar around the head and 

a distinct arched body shape (Schlinger 1987). Our phylogenomic analyses also strongly support the 

internal arrangement of Philopotinae as proposed by Winterton et al. (2007), with two main clades 

recovered. The first clade includes the genera Megalybus, Philopota and Oligoneura, with Parahelle and 

Thyllis in the second clade. 

In all nucleotide-based topologies, Panopinae are monophyletic with high statistical support. 

Overall, reciprocal monophyly of individual panopine genera is well supported, except for Exetasis and 

Ocnaea. Schlinger (1968) differentiated the two genera based on two weak morphological characters, 

distribution of the microtrichia on the wing membrane and the absence of the wing vein R4 in Exetasis, 

though other authors have dissented. Our results indicate that the two genera should probably be 

synonymized. 

 

4.4. Timeline of Acroceridae evolution and diversification 

  

The origin of Acroceridae has been estimated by Wiegmann et al. (2003) at approximately 175–

225 MYA, and by Winterton et al. (2007) at ca. 173–221 MYA. Our results indicate a much younger age 

for the origin of the family in the Middle to Late Jurassic (156–187 MYA). This difference in age 

estimates might be due to a different calibration approach used here (tip dating versus node dating), 

greater fossil sampling, and a revised, younger age estimate of Baltic amber (Aleksandrova and 

Zaporozhets 2008). The age and plesiomorphic appearance of the oldest definitive spider flies, 

Archocyrtus gibbosus Ussatchov and A. kovalevi (Nartshuk), both described from late Jurassic fossil beds 

from Karatau, Kazakhstan (Ussatchov 1968; Nartshuk 1996), are consistent with a late Mesozoic origin 

and Cretaceous diversification of Acroceridae. 

 Whilst Carvalhoa+Acrocera diverged from the rest of the family relatively early (156–174 MYA, 

Middle Jurassic), the rest of Acroceridae radiated more recently, with the divergence of Ogcodes from the 

rest of Acroceridae occurring 45 million years later, in the Lower Cretaceous. Philopotinae diverged from 

Panopinae and remaining Acrocerinae in the Lower Cretaceous (97–131 MYA). Within Philopotinae, the 

New World and Oriental genera (Megalybus, Philopota and Oligoneura) diverged from Afrotropical 

genera (Parahelle and Thyllis) approximately 72–103 MYA, towards the Upper Cretaceous. Finally, 
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Acrocerinae partim and Panopinae diverged during the Middle Cretaceous (82–114 MYA), with crown 

group Panopinae appearing during the Upper Cretaceous (ca. 98–69 MYA) (Fig. 4, Supplementary Table 

2). 

   

5. Conclusion 

 

We applied a phylogenomic approach to resolve the phylogeny of spider flies, sampling 

molecular sequence data of 240 homologous genes from all major lineages. Analyses of supermatrices as 

well as species tree approaches converged upon a robust hypothesis of Acroceridae evolution based on 

nucleotides under a variety of analytical parameters. 

Acroceridae is remarkable within Diptera as the only parasitoid group specialized in spiders, with 

remaining fly parasitoids mainly attacking other insects. We took advantage of the recent advances in 

divergence time estimation (Heath et al., 2014) to propose a robust hypothesis for the timing of spider fly 

evolution, in which all known fossil acrocerids were included as terminals, with ages ranging from the 

Upper Jurassic to the Miocene (Gillung and Winterton 2017). The lack of clarity concerning the position 

of Acroceridae within the Diptera tree of life, however, limits how we can interpret the timing of the 

diversification of this specialized group of spider endoparasitoids. 

Although more sequence data have often been shown to help resolve difficult phylogenetic 

questions, our study of spider fly phylogeny shows that simply increasing the amount of data can in fact 

be detrimental if added sequences have properties that introduce conflict among data types. When large-

scale data matrices are used to study challenging nodes in the tree of life, relatively subtle model 

violations may be sufficiently amplified to mislead analyses, and those violations may not be obvious in 

many datasets. Thus, the comparative and exploratory approach implemented here may be a desirable 

way to detect conflicting signal in phylogenomic analyses. Specifically, it is important to compare 

topologies based on both amino acids and nucleotides because, even though they represent merely 

alternative coding of the same underlying data, their statistical analyses are fundamentally different 

(Huelsenbeck et al., 2008). In particular, the customary use of empirical amino acid models in which all 

of the potentially free parameters are fixed to specific values may be a source of model violation. Also, 

the use of global exchangeability rates as implemented in the CAT+GTR+G model might introduce 

tremendous amounts of model misspecification, because under this model it is assumed that all partitions 

share the same exchangeability rates. 

Our results further provide an insight into the question of data type choice in phylogenomics and 

the importance of analyzing data both as amino acids and nucleotides. Careful analyses of data are 

critical, especially when larger amounts of sequence data are becoming available for inclusion in 
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phylogenetic studies. Exploratory analyses such as tests of compositional heterogeneity, posterior 

predictive approaches to assess absolute model fit (Bollback 2002; Doyle et al., 2015; Duchene et al., 

2016), or sensitivity of results to removal of sites likely to introduce systematic error (Salichos and Rokas 

2013; Goremykin et al., 2015) should become a part of the standard phylogenomics toolkit. In addition, 

future work on phylogenomics should focus on better understanding of how different biases affect 

different data sources. 
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Figure Legends 

Figure 1. Phylogeny of spider flies based on the nucleotide (A) and amino acid (B) alignments. Green 

circles indicate nodes with posterior probability lower than 0.99 and/or bootstrap values lower than 80. 

 

Figure 2. Four-cluster likelihood mapping (FcLM) analyses results. A. Phylogram of Acroceridae based 

on nucleotides showing the four taxon clusters used. B. FcLM results for each individual locus in the 

nucleotide and amino acid datasets. Bars show the percentage of loci supporting each of the three possible 

unrooted topologies, with darker colors (bars on left) showing raw percentages, and lighter colors (bars on 

left) showing percentages weighted over relative support for each topology as shown in Supplementary 

Table 1. C. FcLM results for the concatenated nucleotide and amino acid alignments. Values at the 

corners indicate the percentage of fully resolved phylogenies for all possible quartets. 

 

Figure 3. Heat maps showing the results from pairwise comparison of aligned amino acid and nucleotide 

sequences (with and without 3rd codon positions) using Bowker's matched-pairs tests of symmetry. Cells 
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in white specify p-values > 0.05, indicating that the corresponding pair of sequences seemingly does not 

violate the assumption of global stationarity, reversibility and homogeneity (SRH conditions). 

 

Figure 4. Estimated divergence times among lineages of Acroceridae under the fossilized birth-death 

process, in BEAST 2. Scale is in MYA. Bars depict the 95% highest posterior probability density of each 

estimate. Mean ages and ranges are provided in Supplementary Table 3 and refer to nodes indicated in 

Supplementary Fig. 10. 
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Highlights 

 

 We present the first phylogenomic scale study of a dipteran parasitoid family. 

 Analyses of nucleotides and amino acids resulted in conflicting estimates of phylogeny. 

 Common sources of bias often attributed to nucleotides were not identified here. 

 The origin of spider flies is younger than previously proposed. 

 We demonstrate the importance of analyzing data both as amino acids and nucleotides. 
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